Introduction
generate relevant and comparable datasets that can be used by the research community.
Although there exists an extensive amount of literature on the general topic of 9% Cr CSEF steels, there is considerable difficulty in utilizing much of the generated data for direct comparison. This is due to a general lack of clear procedures or even guidelines for relevant methods to perform pre-and post-test microstructural assessment. Furthermore, there continues to be an underappreciation of the complexity of these materials, as manifested by continued reliance on basic methods and descriptions to characterize as-fabricated and post-test samples, including
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Table 3 -Descriptions for the Heat-Affected Zone Regions in Martensitic Creep Strength Enhanced Ferritic Steels
Region Characteristics CTZ (completely transformed zone) The original matrix of the base metal is fully reaustenized with a complete dissolution of the preexisting secondary precipitate particles.
PTZ (partially transformed zone)
The original matrix is only partially reaustenized along with a partial dissolution of the preexisting precipitate particles.
OTZ (overtempered zone)
The grain structure remains similar to the original matrix in the base metal, but preexisting secondary precipitate particles coarsen during welding.
• Reliance on light optical microscopy;
• Hardness line traces through the HAZ such as in weldment assessment;
• A borrowed description of the failure location (e.g., Type IV) from that of Schuller first described in the 1970s for low-alloy steels (Ref. 2); and
• A description for the HAZ originally developed for lowalloy steels in the 1970s by the Central Electricity Generating Board (CEGB) (Refs. 3, 4) .
To communicate the needs to the larger community regarding relevant assessment of 9% Cr CSEF steels, and in particular weldments in the as-fabricated and post-test evaluation, a number of recent manuscripts have sought to provide a more accurate description for the HAZ (Table 3 ) (Refs. 5, 6) , relevant cross-weld creep test parameters and geometries (Refs. 7, 8) , macro-assessment of weldments in the as-fabricated and post-test conditions (subject of this manuscript), and micro-assessment of weldments in the as-fabricated and post-test conditions (Refs. 9, 10). The descriptions in Table 3 will be used throughout this manuscript for the HAZ.
This paper provides a set of macro-based analyses and results for a well-pedigreed heat of Grade 91 steel. The principal objective is to utilize these techniques to link the preand post-test conditions to establish the influence of the welding thermal cycle on the macro-evolution of damage in the HAZ - Fig. 1 . To accomplish this objective, the following approaches are discussed in this manuscript:
• Hardness mapping of the as-fabricated weldment;
• Calculated peak temperature distribution in the as-fabricated HAZ;
• Macro-failure location and representative damage using LED microscopy; and
• Damage distribution through the HAZ using laser microscopy.
The obtained data from the analysis methods will be drawn together to provide key conclusions regarding the location of damage in the HAZ and its association with hardness and peak temperatures in the welding thermal cycle.
Experimental Procedures

Analysis of Base Metal Composition
It is important to obtain a complete, chemical composition for Grade 91 steel base material. As highlighted in Refs. 11-13, there is concern the influence of tramp elements such as As, S, Sn, Sb, and Cu has been underappreciated and these elements are playing a role in the reduction in creep ductility in martensitic CSEF steels. In general, the analysis of elements can be grouped into two sets: elements required by common specifications for Grade 91 steel [14 total elements (Ref. 14) ] and elements for informational purposes (typically 10+ additional elements) ( Table 4) .
The composition of the base metal analyzed in this study is provided in Table 5 . The following approaches were utilized to determine the composition of each of the elements.
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MARCH 2019 / WELDING JOURNAL 65-s Inductively coupled plasma optical emission spectrometry (ICP-OES) was utilized to determine the values for Al, B, Ca, Co, Cr, Cu, La, Mn, Mo, Nb, Ni, P, Si, Ta, Ti, V, W, and Zr. Inductively coupled plasma mass spectrometry (ICP-MS) was used to determine the amounts of As, Bi, Pb, Sb, and Sn. Finally, combustion was necessary to determine the C and S levels while inert gas fusion (IGF) was used to assess the amount of O and N in the steel. It should be noted that to ensure sufficient information is provided for each of the requested elements, the resolution of the element should also be specified (in some cases to the ppm level) in any specification to the laboratory performing the analysis.
Fabrication of Weldments
The weldment of interest was fabricated with a machined U-groove with a 15-deg bevel and using best practice guidance for the shielded metal arc welding (SMAW) process as detailed in Ref. 15 . This included a minimum preheat temperature of 150°C (300°F), a maximum interpass temperature of 315°C (600°F), stringer beads only, and removal of slag after each weld layer through light grinding. The filler material used to make the weldments was consistent with American Welding Society (AWS) type E9015-B9 filler material, and only a 3.2-mm-(0.125-in.-) diameter electrode was utilized to limit the variability in the heat input. The completed weldment, including a macro sample, documented fill sequence, and the recorded data for amperage, voltage, travel speed, and interpass temperature, is provided in Fig. 2 .
Following welding, the weldment was allowed to slowly cool to room temperature. Postweld heat treatment (PWHT) was performed at 675°C (1250°F) for 2 h to the recommendations in Ref. 16 . The use of a reduced PWHT is consistent with revised, minimum temperature guidance for new construction in the 2017 edition of the ASME Boiler and Pressure Vessel Code, Section I, 
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and Alterations has adopted this reduced minimum temperature for repair of Grade 91 steel in Supplement 8.
Evaluation of As-Fabricated Condition Using Hardness Mapping
Hardness mapping across a transverse, large macro section from the as-fabricated weldment (i.e., after PWHT) was performed in the as-polished condition. Prior to hardness mapping, the preparation of the macro-sample included the following procedure:
• Grinding. 120/320/600 grit sequential grinding using a silicon-carbide abrasive with water.
• Polishing. A 3-m high-performance finish using an abrasive pad imbedded with monocrystalline diamonds followed by a 1-m high-performance diamond. Hardness mapping was performed in the as-polished condition.
The equipment utilized for the hardness mapping characterization was a LECO automatic hardness tester, Model AMH-43. Hardness mapping was conducted so that the requirements in both ASTM E384-11 (Ref. 17) and ISO 6507 (Ref. 18) were met. One of the key requirements in these two standards is that for a given hardness load (e.g., for this study 0.5 kgf), the indents should be 2.5d (where d = mean diagonal distance of the measured Vickers indent in the material being examined).
To validate the procedure using the stated 0.5-kgf load, an indent-to-indent spacing of 250 m was chosen to prevent the potential for interference in the obtained measurements. This spacing was uniform in both the X and Y orientations. Using the relationship in Equation 1 and assuming a diagonal value of 100 m (i.e., 250-m spacing divided by the indent-to-indent minimum spacing of 2.5), the lowest theoretical hardness value that could be measured and still meet the requirements in each of the standards was 93 HV 0.5. This value is impossible to achieve in the examined ma-
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Fig. 4 -A -Boxplot analysis of the base metal hardness values as shown in
A B
terial constituents in Grade 91 steel (base, HAZ, weld, or mal-heat treated).
where F = force of Vickers indenter in kgf (i.e., 0. This deviation is possible due to a number of potential sources of error, namely due to the sharpness of the indenter or due to the quality of optics used to measure each of the indents.
Fig. 7 -A, B -As-machined creep specimen and representative for all cross-weld creep tests. Note that the gauge length is not shown in the image (125 mm). C -Post-test cross-weld creep test.
To ensure sufficient resolution in the data was obtained, that is to achieve enough indents in the HAZ, a very large area was analyzed so that a portion of the base metal, HAZ, and deposited filler metal were captured in the hardness map. This approach resulted in a final hardness map size that was 25  25 mm, including a total of 10,000 indents - Fig. 3 .
If a conservative assumption is made regarding the width of the HAZ for the SMAW process of 2.0 mm, then it can be reasoned that at least 250 indents in the HAZ are obtained. Although this sounds insufficient on the basis of the total number of indents captured in the hardness map, a conventional analysis of the HAZ region in Grade 91 steel normally involves a single line trace or triplicate line traces at the root, midwall, and cap regions. In the case of a triplicate line trace and using an identical procedure to that detailed here for an indent-to-indent spacing (i.e., 250 m) and indent load (i.e., 0.5 kgf) would only result in a total of ~ 25 indents in the HAZ. Thus, using a mapping procedure ensures at least an order of magnitude better resolution through the HAZ of the weldment and allows for a meaningful statistical analysis of the obtained data.
Color hardness maps were produced using the software package Origin. The hardness map data were sorted using obtained data from the base metal hardness as reference. One thousand data points in the unaffected base material (shown in Fig. 3 ) were used for the reference data. Using this data, a simple boxplot was created - Fig. 4A .
The data in Fig. 4A were used to set the minimum threshold value for an optimized color scheme based on the recommendations in Refs. 20 and 21. The 10 th percentile was used as the minimum threshold for the color hardness map created from the 10,000 indent dataset. Thus, data below the 10 th percentile were potentially flagged as being in the overtempered zone (OTZ) and given the color white.
Subsequent analysis of the ≤ 190 HV 0.5 data was performed in Fig. 4B . For all data ≤ 190 HV 0.5, the location of each hardness value was referenced with respect to the weld interface. The location of the weld interface was determined after etching the hardness map. In the boxplot provided in Fig.  4B , the data are plotted as the location of each hardness indent ≤ 190 HV 0.5 as a function of distance from the weld interface. The OTZ was considered to span the distance represented by the 5 th to the 75 th percentiles, as indicated in Fig. 4B . After the hardness mapping was completed, the sample was etched in Vilella's reagent containing 45-mL glycerol, 15-mL nitric acid, and 30-mL hydrochloric acid.
Evaluation of As-Fabricated Welding Thermal Cycle
Solutions for thick-plate thermal heat flow have been investigated and evolved since Rosenthal introduced solutions in the early 1940s (Refs. 22, 23). Available solutions exist for an approximate determination of the calculated peak temperature with respect to the weld interface using a range of potential solutions. The selected solution is provided as an example problem in Ref. 24 and summarized here.
With regard to any simplified solution, it is imperative that reasonable assumptions and, more ideally, actual measurements be utilized to reduce the uncertainty in the calculation. The simplified solution requires a set of five basic calculations provided in Equations 2-6. The terms used in the calculations are defined in Table 6 . As the melting temperature for Grade 91 steel is not widely reported in the open literature, a simulation was performed in ThermoCalc using the TCFe5 database to calculate this temperature (Ref. 27). The reference composition used to perform this assessment is as follows (in weight percent): 0.10C-8.5Cr-1.0Mo-0.40Mn-0.045N-0.07Nb-0.15Ni-0.35Si-0.20V-Balance Fe. As provided in Table 6 , the utilized melting temperature was 1500°C (2732°F).
To ensure that the selected, simplified calculation was valid, the calculation in Equations 2-6 was compared to actual thermocouple measurements in a 9% Cr martensitic CSEF steel thick pipe weldment documented in Ref. . In this comparison, it is shown that the calculated data using the simplified solution is in very good agreement with the elevated temperature portion of the measured HAZ isotherms [i.e., for the measurements where the T peak >875°C (1607°F)]. It is noted that the utilized equations in their current form were unable to account for the hypothesized latent heat of transformation that "shifts" the cooling rate below 875°C (1067°F). Future assessment may include modification of these equations to account for this potentially important effect. Since failure in the HAZ occurs in a region that is approximated by this value (and will be shown in the Results section), the most critical portion of the reported data in Ref. 28 is the portion >875°C (1607°F). Reasons for the discrepancy in the calculated and documented peak temperatures below 875°C (1607°F) will be addressed in the Discussion section.
Sensitivity measurements for the simplified solution were conducted to determine the impact of the inputs on the calculation. Although not detailed here, the following variables can affect calculations and are listed in order of highest to lowest impact on the calculated isotherms: arc efficiency and/or heat input (high impact), melting temperature (medium impact), and thermal diffusivity (low impact). It is particularly important to have an accurate set of measurements for the welding parameters such as those given in Fig. 2 and for multiple passes to confirm consistency in the weld procedure and provide sufficient confidence in thecalculation.
Evaluation of As-Fabricated Condition Using Feature Cross-Weld Creep Testing
Creep specimens were machined from the completed weldment. These specimens had a gauge cross section of nominally 50.0 mm (2.0 in.) through the thickness, "t," of the weld and 12.7 mm (0.50 in.) through the width, "w," of the weld - Fig. 6 . The gauge length, "L," was sufficient to include both weld interfaces and both HAZs and was nominally 125 mm (5.0 in.). The gauge length was sufficient to provide metallographic analysis of the failure location as well as damage assessment in the unfailed HAZ. A machined specimen prior to testing is shown in Fig. 7A and B and following testing in Fig. 7C .
All testing was conducted using constant load machines under a set of standard test conditions for an applied temperature of 625°C (1157°F) and test stresses of 80 MPa Three thermocouples were distributed along the gauge length to monitor the temperature. The central "hot zone" where the test temperature was recorded was within ± 2°C over the gauge length. Samples were taken to either 100% rupture (sample 7C-1) or terminated at ~ 95% life fraction (sample 7C-2). For sample 7C-2, which did not completely rupture, testing was terminated upon indication of tertiary creep as the strain was continuously monitored during testing. Upon termination of the test, a large, subsurface macro crack was documented in one of the HAZs. Because failure often occurs with little macro tertiary creep in cross-weld samples in 9% Cr steels, it is sometimes not possible to interrupt the test immediately before failure. However, when possible, the test is always interrupted so as to preserve advanced stages of damage that might otherwise be difficult to assess due to macro tearing and local plasticity in the immediate sequence of events leading to final fracture.
Data recorded during each creep test included extension from two sides of an extensometer that extended over the total sample length, a calculated average extension, time to rupture, and temperature. Initially, the average extension has been used to calculate creep strain based on the full original gauge length. However, it is apparent that when deformation occurs locally in the HAZ, this approach underestimates the actual local strain values.
Evaluation of Samples for Macro Damage
After creep failure or termination of the creep test, a macro sample was removed from the post-test feature creep test using fine wire, electrostatic discharge machining (EDM). All specimens were removed from the approximate center in the "w" dimensions so as to analyze the most representative distribution of damage in the sample - Fig. 8 . Previous studies have highlighted the need to examine this center plane (Refs. 31, 32) as damage in materials susceptible to HAZ failures always occurs subsurface. Creep damage is unable to extend to the surface because the free surfaces do not experience a multiaxial stress state and effectively see no stress. Preparation of each sample involved the previously detailed procedure for grinding and polishing.
Evaluation of Macro-Failure Position in Cross-Weld Creep Tests
A Keyence VK-105 confocal laser microscope and a 5X objective was utilized to obtain through-thickness images for the failed and interrupted samples. Data was collected that included the failure, HAZ, and a portion of the weld metal to identify the location of the weld interface. Calculation of the mean distance between fracture and the weld interface is provided in Fig. 9 . To identify the location of the weld interface, the image can either be adjusted using the VK Image Analyzer software or etched prior to evaluation. The area, as identified in Fig. 9 by the blue cross-hash marks, is obtained through measurement using the "area function" in the VK Image Analyzer software. Similarly, the through-thickness distance "D" was measured using a "line measurement" function in the VK Image Analyzer software. 
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Fig. 12 -Comparison of damage maps for the entirety of the dataset (A) and a filtered dataset to a 5-pixel threshold (B).
Fig. 14 -Color contour hardness map results for the postweld heat treatment condition; base metal on left (blue region), through heat-affected zone, to the weld interface (indicated) and into the deposited weld metal.
A B
Assessment of Damage through the Heat-Affected Zone
The procedure provided in this section presents an evolved procedure beyond the one detailed in Ref. 33. In the procedure described herein, an emphasis was placed on the development of a method to scan a larger area than in Ref. 33 and to evaluate the collected data in its full resolution.
A Keyence VK-105 confocal laser microscope and a 20 objective was utilized to collect images in the HAZ. The selected objective provides a magnification on a standard monitor that is ~ 400 magnification. However, and more importantly, due to the standard collection size of each image (695  522 m) and the resolution (1024  768 pixels), the theoretical minimum cavity size that can be analyzed is 0.70 m (1 pixel) in diameter. Due to the need for data filtering, the use of the stated 20 objective provides a more realistic analysis of the large dataset here where the minimum cavity size is on the order of 3.5 m (5 pixels) in diameter.
In the example shown in Figs. 10 and 11, a total of 270 images (6 images through the width  45 images through the thickness) were collected in the HAZ for the failed creep test sample 7C-2. An overlap of ~ 1.5% was used such that the effective area captured was 685  515 m (1010  755 pixels) to facilitate meshing of the entire captured area in the VK Assembly software. Accurate spatial position was maintained by an automated stage that has a maximum travel distance of 100 mm in either the X or Y orientation.
After the collection of the images, each image is converted into a picture file that is postprocessed in either ImageJ or MatLab. These postprocessing software packages are able to binarize each image, locate the image in X and Y space, and count and locate each cavity with respect to a specified origin. Locating the weld interface requires an additional sequence of steps, provided below and in more detail with examples in Ref. 33 . The collected images are stitched together and the contrast/brightness/laser intensity values are modified in the stitched image to reveal the weld interface. The weld interface is traced using an image-editing software and the location of the weld interface is digitized. Once the X and Y location for each individual cavity are known, the location of each cavity with respect to the weld interface location can be calculated using a variety of available tools. For the data presented here, the function "LOOKUP" in Excel was utilized to perform this calculation.
After the initial dataset is obtained, the data is evaluated as a function of the initial data, Fig. 12 , and for a series of threshold sizes as shown in Fig. 13 . To remove the false cavities that arise as a consequence of subtle differences in the image brightness and contrast, and as seen in Fig. 12A (shown as large cavity populations in the form of apparent "black" boxes), the data is evaluated as a boxplot for multiple threshold cavity sizes - Fig. 13 . Of particular importance is to remove the long tail in the data that extends well below zero (in this case values < 0 are in the weld metal). Applying a 5-pixel threshold for this dataset was effective in this regard, and a reasonable damage map is created for analysis (as shown in Fig. 12B ). As seen in the provided analysis, the important statistical measurements for the 25 th , 50 th , and 75 th percentiles (i.e., the location of "peak damage") do not dramatically change in Fig. 13 once a threshold of 5 pixels is applied.
For the selected sample 7C-2, a total of ~ 50,000 "cavities" were documented in the initial dataset. After postprocessing and filtering, the total number of cavities were reduced to ~ 11,000 cavities for detailed evaluation. The pri-
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Fig. 15 -Distribution of peak temperature through the heataffected zone and for the referenced welding parameters in
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mary objective in mapping the damage is to provide a set of data that is sufficient to analyze for trends and to determine the location in the HAZ where damage is observed. The objective is not to attempt an analysis of every potential "real" cavity. It is recognized that the filtering process removes some of the actual damage. More accurate peak cavity densities, for example, are created through local measurements and assessment that is inherently less sensitive to the challenges posed by the capturing of large datasets.
Results
The approach to collect results for the macro-based analysis is given in Fig. 1 . In the following sections, each of the highlighted analyses are presented to provide supporting information to each objective.
Hardness Mapping Results in As-Fabricated Condition
The results for the hardness map generated using a color contour map are given in Fig. 14 . As shown, there is a distinct low hardness region (white) sometimes referred to as the "soft zone" and ~ 2 mm removed from the weld interface. The width of this zone consistently averages ~ 1.5 to 2 mm. Regarding the balance of the test results, the mean hardness of the base material is consistently >190 HV 0.5 (acceptable per Ref. 34) and the maximum hardness in the deposited weld metal and HAZ has been sufficiently reduced to < 340 HV 0.5 following PWHT.
Evaluation of the Welding Thermal Cycle
The calculated peak temperatures through the HAZ are provided in Fig. 15 . In a previous publication, and for representative heating rates in a welding thermal cycle, the measured A c1 and A c3 temperatures for the same base material of interest to this study are reported to be 865° to 890°C (1589° to 1634°F) and 965° to 990°C (1769° to 1814°F), respectively. The HAZ thermal cycles were simulated using a Gleeble 
Macro-Failure Position in Selected Cross-Weld Creep Tests
The failed creep tests are shown in Fig. 16A , B for the cross-weld tests at 625°C (1157°F) and 80 MPa (11.6 ksi) and 625°C (1157°F) and 60 MPa (8.7 ksi), respectively. The measured position of macro-failure is provided in Table 7 . Note that the failure location in sample 7C-1 is calculated from a length of the severed side of the test while for sample 7C-2 the large macrocrack in the upper left-hand HAZ region was utilized to perform a similar measurement.
Macro-Damage Assessment -Cavitation through the Heat-Affected Zone in Cross-Weld Creep Test 7C-2
The analyzed macro-damage through a region in the HAZ of sample 7C-2 and measuring ~ 23.5  4.2 mm, including ~ 11,000 cavities through the HAZ is provided in Fig. 17 as a histogram. The histogram compares the entirety of the data (black histogram) to the data that lies in the peak damage region (red histogram and indicated 25 th , 50 th , and 75 th percentiles). The concept of peak damage relies on an analysis of the entirety of the damage (Fig. 17 ) with respect to a boxplot and to identify the 25 th and 75 th percentiles. The macrofailure location in 9% Cr steel cross-weld tests has consistently been located within the 25 th and 75 th percentiles for the documented damage and as explained in Ref. 33.
Discussion
In this section, the results are interlinked so as to present trends in the measured damage to the hardness mapping results and the calculated distribution of peak temperatures through the HAZ. The discussion is divided into three primary sections:
1. to the weld interface and association of the calculated peak temperatures with distinct regions characterized by hardness mapping; 2. The location of damage in the HAZ relative to the weld interface and association with hardness and calculated peak temperatures; and 3. The importance of the findings will be summarized with respect to the concepts of creep deformation, creep damage, and stress state.
The location of peak temperatures in the HAZ relative to the weld interface and association of the calculated peak temperatures with distinct regions characterized by hardness mapping
The identification of a local zone of reduced hardness was first documented in the original Oak Ridge National Laboratory (ORNL) reports and classified as a "tempered zone" (TMPZ). In the ORNL research, the TMPZ was associated with peak temperatures below the A c1 but above the typical tempering temperature (Ref. 35) . In the literature, there is general confusion as to the significance of this locally reduced hardness region. The confusion is persistent for the as-fabricated condition where it is sometimes classified as the "intercritical" or "fine-grained" or "subcritical" HAZ or simply as the "softzone." These descriptions are in addition to the previous classification as the overtempered zone (OTZ) (authors' preferred description) or the TMPZ (as described by ORNL).
Comparing the hardness with the peak temperature in Fig.  18 , there is an association of the hardness indents in HAZ, which are  190 HV 0.5 to a peak temperature range of 635° to 900°C (1175° to 1652°F). Since the dramatic increase in the number of indents ≤ 190 HV 0.5 begins in the HAZ at a distance of ~ 2 mm from the weld interface where the estimated peak temperature is ~ 875°C (i.e., the same as the measured value for the A c1 in the base metal), the classification of this location appears to be best discussed as an overtempered region or OTZ and consistent with the description in Table 3 . There is no evidence the OTZ should be classified as an intercritical or fine-grained region since the peak temperatures do not appear to be consistently greater than the A c1 value.
The proper classification of the low hardness values observed in a hardness trace or hardness map as an OTZ is further reflected in the measured isothermal profile diagramed in Fig. 19 (Ref. 28) . It is proposed that the explanation for the uniform, low hardness region classified as the OTZ is a result of a sustained temperature very close to the A c1 value in the HAZ. The stabilization of this temperature is believed to be a result of the release of latent heat associated with the decomposition of austenite to ferrite in the PTZ immediately adjacent to the OTZ. To the authors' knowledge, this has not been fully appreciated in the literature.
To further advance the observations, it is useful to investigate the as-welded condition to see if there is evidence for locally reduced hardness values after welding (note that the previous discussion is based on results obtained after PWHT). A hardness map for the as-welded condition is provided in Fig.  20 and shows evidence for a discontinuous OTZ. By definition, regions of the PTZ must transform on-heating to austenite and result in the reversion to a mix of fresh martensite and alpha ferrite on-cooling in the as-welded state. Thus, the PTZ must possess a higher hardness than that of the base metal or OTZ. Upon application of PWHT, the OTZ and PTZ regions are less resistant to tempering, resulting in the more clearly defined softened region reflected in Fig. 14 
Fig. 21 -Local electron backscatter diffraction (EBSD) images for the grain boundaries with a misorientation of 2 to 180 deg for a location with very low hardness characteristic of the overtempered zone (left) and the unaffected base material (right).
of the base material and as suggested by the distribution of peak temperature. Although advanced microscopy is not the focus of this paper, following PWHT the lowest hardness regions are located in the OTZ and the microstructure is clearly martensitic - Fig. 21 . It is thus the case that the majority of the reduced hardness zone in the HAZ is martensitic, consistent with the previous definition for the OTZ and the region with reduced hardness does not consistently reflect a region that has undergone phase transformation.
The local reduction in hardness in the 9% Cr HAZ (referred to as the OTZ from this point forward) has previously been identified as the preferential failure location in cross-weld creep tests such as shown in Fig. 22 (Ref. 36) . The measurement of hardness in the post-test condition is of little value since there are complications that can occur due to measurement (i.e., identification of the indent tips that can be affected by cavitation), distortion of the results (i.e., local softening due to the presence of creep cavities), and end-of-test plasticity (i.e., local softening). It is far more appropriate to link the post-test damage state to the as-fabricated state. This point will be emphasized in the second part of the discussion.
The location of damage in the HAZ relative to the weld interface and association with hardness and calculated peak temperatures
In Fig. 23 , the observed damage is plotted against the PWHT macro weldment hardness values ≤ 190 HV 0.5. As shown, there is not a direct overlap of the hardness measurements in the OTZ with the observed damage nor the failure location. As shown in the population of damage in Fig. 23 , there is clear evidence the damage is evolving away from the OTZ and preferentially in the PTZ. To underscore this point, the 75 th percentile for damage (Fig. 17) is ~ 2,000 m from the weld interface. Thus, in the HAZ region where the reduced hardness is beginning to form in the as-fabricated state, nearly 75% of the damage in the post-test state has evolved in a HAZ region offset from the OTZ. Based on these observations, the location of failure in 9% Cr steel cross-weld samples cannot be linked to the OTZ. Furthermore, the position of maximum damage and failure does not occur in a region characterized by reduced hardness values.
The calculated distribution of peak temperature through the HAZ is plotted against the measured damage in Fig. 24 . In the case of samples 7C-1 and 7C-2, the macro-failure locations are concentrated near the median value for the peak damage - Fig. 23 . The median value for damage corresponds to a calculated peak temperature of ~ 955°C (1751°F) during the welding thermal cycle. This value is much closer to the documented A c3 value [~ 975°C (1787°F)] than that of the A c1 value [~ 875°C (1607°F)].
The distribution of peak damage, and its association with the calculated peak temperature is indicated in Fig. 24 as being within a range of 875° to 1035°C. This region spans a zone in the HAZ that has classically been defined as the intercritical and/or fine-grained HAZ region using the borrowed HAZ description originally developed for bainitic, low-alloy steels. A better interpretation for this region (Table 3) is to simply characterize this region as the PTZ.
Implications of the Results
There does not exist a direct, empirical relationship for martensitic CSEF steels to link a given hardness value to the creep behavior in the base material or HAZ (Ref. have attempted to do so (Refs. 39, 40) . With respect to the distribution of HAZ hardness values, the location of the lowest values in the as-fabricated state are not directly linked to the evolution of maximum damage or macro-failure in the posttest condition. This observation suggests the OTZ does not possess the lowest creep deformation resistance in the structure, and the resistance to the evolution of creep damage in the PTZ is a more important concept to take into account.
There is increasing evidence the resistance to the evolution of creep damage is a controlling factor in the performance of martensitic CSEF steel cross-weld creep samples. The formation of creep damage in the HAZ requires a distribution of nucleation-susceptible particles. Previous research assessing the behavior of two welded heats of CrMoV in Ref. 41 clearly showed the preferential formation of damage in the HAZ of the CrMoV heat that possessed a higher inclusion density. More recent assessment of Grade 92 weldments has shown an association of damage in the HAZ with BN (Ref. 42). It is obvious that hardness measurements, either directly or empirically, are unable to characterize the damage susceptibility inherent to the base material or in the HAZ. Damage assessment can only be quantified through scanning electron microscopybased techniques and is the subject of future research.
Because the welding thermal cycle results in a damagesusceptible region in the HAZ (e.g., the PTZ), this will occur in every structure that requires fabrication by welding. It follows simple logic then that the resulting PTZ in all structures will be similarly "weak" with respect to creep deformation resistance as the precipitation-strengthened, martensitic matrix is severely degraded by the welding process. It is thus postulated that the type and distribution of nucleation-susceptible particles is an important and underappreciated characteristic deserving of more detailed research and assessment.
The evolution of damage will not only be affected by the distribution and type of cavity-susceptible particles, but also the sample geometry and resulting stress state. In this study, feature-type cross-weld creep samples with a cross-sectional area more than 20 greater than that for conventional round bar (e.g., 6 .35 mm diameter) samples were utilized. The feature-type cross-weld creep sample subjected the PTZ to a more consistent level of constraint in the HAZ. Previous analyses for similar geometries have shown that, upon reaching a steadystate creep rate, the development of the maximum principal stress or triaxiality factor is sustained through the thickness (Ref. 43) . Thus, the feature-type cross-weld creep test geometry provided a resulting stress state that was more comparable to component behavior and enhanced the development of damage in the HAZ. The distribution of the maximum principal stress and triaxiality factor are potentially important factors in the nucleation and growth of cavities. It is possible that due to the reduced constraint in small, round bar-type tests the failure location is subtly different than documented in this research. Such an explanation would follow on from the fact the lower constraint in such tests reduces the extent of damage through the HAZ, thus promoting a change in the failure location.
Conclusions
The results in this manuscript emphasize the need to adopt a set of descriptive regions for the HAZ specific to martensitic 9% Cr steels. The detailed hardness mapping and damage evaluation support the observation that damage preferentially occurs in a region in the HAZ that is not characterized by a local reduction in hardness values in the as-fabricated condition. The local hardness reduction in the HAZ should be appropriately defined as the overtempered zone (OTZ).
The observed trends in this research linking damage to the as-fabricated state are provided based on test results taken from large, feature-type test cross-weld specimens. These tests are classified as "feature-type tests" because the constraint in the sample provides a resulting stress-state that is more representative of installed power plant components. The detailed assessment of damage shows the greatest concentration of damage is in the partially transformed zone (PTZ) where the peak temperature is > 875°C and extends to a value of ~ 1030°C. This upper value is just below the recommended minimum temperature for normalization of Grade 91 base material (e.g., 1040°C). Macro-failure was observed within the location of peak damage and centered at a peak temperature of 955°C. This value is very close to the A c3 value for the investigated heat of Grade 91 steel.
Future work will be focused on linking the observed damage to specific microstructural features and link these features to the as-fabricated state using micro-based assessment and primarily electron microscopy. It is clear on the basis of the provided results that an appreciation of the factors that affect the accumulation of damage in the HAZ must be elucidated for 9% Cr CSEF steels.
